Alignment strategy for the CMS Tracker by Weber, M
Available on CMS information server CMS CR-2008/044
The Compact Muon Solenoid Experiment
Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland
Conference Report
17 June 2008
Alignment strategy for the CMS Tracker
M. Weber
Abstract
The CMS Tracker measures the momentum of charged particles created in proton-proton interactions
with 14 TeV nominal center-of-mass energy close to the interaction region. Its excellent single-point
position resolution of 9–60µm is far below typical construction tolerances, and together with its high
granularity renders the alignment a demanding task, which needs to aim at micro-meter level precision.
A strategy to align the CMS tracker with its 15 148 silicon strip and 1 440 silicon pixel modules, start-
ing from survey measurements during construction, incorporating information from the laser hardware
monitoring system and finally using collision and non-collision tracks for highest precision has been
developed and is detailed in this article.
Presented at International Conference on Computing in High Energy and Nuclear Physics,2-7 Sept 2007,Victoria,
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1 Introduction
The Compact Muon Solenoid (CMS) detector is one of two general-purpose experiments operating at the Large
Hardon Collider [1]. In the central region, and proceeding from outwards to the center of CMS, the detector
consists of a precise muon spectrometer with a standalone resolution of δp⊥/p⊥ = 8–15% at 10GeV, a sampling
brass hadron calorimeter, an electromagnetic lead-tungstate calorimeter with δE/E < 1% for E > 30GeV, a
superconducting coil that provides a solenoidal 4 T magnetic field for momentum measurements, and a full silicon
tracker [2, 3].
Figure 1 shows an r-z view of the CMS Tracker. It is subdivided into four silicon strip subdetectors, the Tracker
Outer Barrel (TOB), the Tracker Inner Barrel (TIB), the Tracker Inner Disks (TID), the Tracker Endcap (TEC),
and two silicon pixel subdetectors, the pixel barrel and the pixel disks. All active components are housed in a
cylindrical volume with a length of 5.4m and a diameter of 2.4m. Under nominal LHC beam conditions, the
Tracker will be operated at T = −10 ◦C in an atmosphere of dry nitrogen, to prevent thermal runaway due to
radiation damage.
Figure 1: r-z cut through the CMS tracker. The black dot shows the collision point, the numbers on the top and
right show the pseudorapidity η coverage of the tracker. Red boxes represent single-sided strip modules, whereas
blue boxes depict two back-to-back mounted single-sided strip modules with 100mrad stereo angle and thus allow
for two-dimensional measurements.
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The strip tracker consists of 15 148 modules with strip pitches ranging from 80–205µm, leading to a single-point
resolution of 23–60 µm. Two layers in TIB and TOB, two rings in TID and three rings in TEC allow to measure a
second (stereo) coordinate. There two single-sided strip modules are mounted back-to-back with a stereo angle of
100mrad. For each track from the collision point, at least four two-dimensional measurements are possible.
In the pixel detector, the 1 440 pixel modules provide 6.6×107 pixels of 100 µm(rφ) × 150 µm(z in the barrel, r
in the endcap) cell size. The high Lorentz angle αL ≈ 23◦ increases the electron cloud width in the silicon bulk
and thus generates charge sharing between adjacent pixels. With analog signal interpolation, a hit resolution of
10 µm(rφ) × 20 µm(z, r) can be achieved.
2 Alignment strategy
Starting from an initially misaligned detector, the CMS Tracker alignment strategy foresees to use survey measure-
ments, measurements from a dedicated hardware alignment system, and track based alignment to determine true
module position1).
Misaligned detectors bias measurements of track parameters and derived quantities, and deteriorates the resolution.
This influences the physics reach of CMS, especially for analyses relying on track measurements. These effects
can be compensated in software by a dedicated alignment process.
The precision of alignment changes with available data. Survey data (cf. section 4) naturally come first, during
1) Throughout this article, “position” refers to both position and orientation.
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construction and after assembly. Data from cosmic muons have and will be recorded for (parts of) the tracker and
can be used to pre-align global structures and exercise the track based alignment procedure. The Laser Alignment
System (LAS, cf. section 5) can be operated before collisions and provides precise sub-detector relative position.
Survey, LAS and cosmic muon data can be used in a combined alignment procedure before first beams circulate in
LHC.
When first beams will circulate in the LHC, tracks from beam halo muons will be used for alignment. When first
collisions will occur, charged particles originating from minimum bias events will be measured in the tracker and be
used for alignment. With increasing luminosity, resonant muon pair-production from J/ψ → µ+µ−, Υ → µ+µ−
and Z → µ+µ− will become more and more important, together with cosmic muon data that will be recorded
during the data taking period.
Before real data can be used to determine tracker alignment, part of the alignment strategy is to estimate the
alignment precision as it develops with time and integrated luminosity, in order to mimic residual misalignment
effects in physics preparation studies. The alignment precision estimates will be described in section 3.
The following sections will detail the alignment strategy, not including those datasets and data taking periods that
have not yet been extensively studied.
3 Estimate of alignment performance and impact on track parameters
and derived quantities
There are many reasons for a deviation of true module positions from their foreseen position. The largest single
source are assembly tolerances, followed by thermal deformation during cooldown from room temperature to
−10◦C operating temperature. Small but measurable effects, some of them time-dependent, are expected from
carbon-fibre structure outgassing in dry nitrogen, stress that has been transferred from the shrinkage of the muon
system when the magnetic field is switched on, and stress due to access. Deformations due to weight have partly
been determined during the construction phase of the experiment, but are not (yet) used to estimate misalignment.
Based on achieved assembly precision, expected improvements from survey measurements, experience with the
Laser Alignment System and Monte Carlo studies of track based alignment, misalignment scenarios correspond-
ing to an integrated luminosity of 0pb−1, 10pb−1, 100pb−1 and 1000pb−1 have been estimated [4, 5]. The
measurements and studies leading to those scenarios are described in the following sections. One should take
note that these scenarios are meant to be indicative and do not include systematic deformations as can possibly be
introduced during the alignment procedure (“weak modes”), φ- and η-asymmetry of muons from air showers etc.
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Figure 2: Expected misalignment effects for integrated luminosities of 0pb−1, 10pb−1, 100pb−1 and 1000pb−1.
Left: Relative momentum resolution as a function of the pseudo-rapidity η. Right: Mistagging rate for light and
quark jets as a function of the b-tagging efficieny.
Figure 2 shows the expected impact of residual misalignment on the relative track momentum resolution as a
function of the pseudo-rapidity η, and the mistagging rate for light quark and gluon jets as a function of the b-
tagging efficiency for the track counting b-tagging algorithm [6]. For scenarios with 10 pb−1 and less of integrated
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luminosity large effects can be seen, whereas from 100 pb−1 on the effect on physics results is expected to be
small.
4 Survey
During the CMS Tracker construction and integration, measurements were performed to confirm the desired po-
sitioning accuracy by measuring the relative positioning of detector elements. Additionally, some parts of the
detector were surveyed completely, such that the position of the active area of the silicon modules is known. The
measurements typically were conducted with the help of coordinate measuring machines (CMM), photogramme-
try, and theodolites. Naturally the survey measurements follow the construction steps, and since the tracker has
been built by building small parts which are assembled into larger parts, which themselves are assembled in even
larger parts etc., the measurements mostly follow the construction hierarchy of the CMS Tracker.
4.1 The Tracker Hierarchies
Figure 3 shows a logical hierarchical representation of the CMS tracker structures. The CMS tracker consists of a
pixel and a strip tracker. The pixel tracker consists of a barrel and two endcaps, as can be seen in Figure 1. The
strip tracker is divided in two barrels, the inner and outer barrel, and four endcap detectors (inner disks and tracker
endcaps (TEC) on each of the +z- and −z-end) that each consist of two separate entities (cf. Figure 1). Not all
hierarchy levels that are shown in Figure 3 are mechanically decoupled from its parent and therefore play a role
as an independent object in the misalignment simulation and alignment procedure. For example, the “layer” in the
Strip Tracker Outer Barrel is a logical structure that is extensively used in the tracking code, whereas it has reduced
meaning as a separate alignment object since it is not a single mechanical structure. Therefore, the structure of the
AlignableTracker, which is used in the misalignment and alignment procedure and defines the hierarchy of
alignable objects, differs from the logical view in some places. Similarly, for survey measurements there are also a
few exceptions to this logical view; not all measurements were performed with respect to the next higher structure
as shown in Fig. 3.
Figure 3: Hierarchical representation of the CMS Tracker structure, as used in alignment. (From Ref. [7])
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Table 1: Estimated assembly precision (RMS, in µm) of tracker components. Values are given in between the
mechanical hierarchy levels they are valid for, e. g. the position accuracy of sensors in modules is 10 µm.









































The pixel endcap survey includes measurements on modules, blades, half-disks, half-layers and the endcaps. All
components are surveyed completely. Measurements are conducted with coordinate measuring machines, either
equipped with touch probes or camera. The typical accuracy is a few µm up to a few tenths of µm, due to
extrapolation from different measurements.
The pixel barrel will only partially be surveyed. A survey of sensors mounted on the half-barrel ladders is proceed-
ing with measuring the sensors relative position to each other in rφ and z. Only those ladders that are on the outer
side of a shell can be accessed with the photogrammetry; modules on the inner ladders will be aligned relative
to the outer ladders using tracks with help of the relatively large overlap of 2mm. A precision of 20µm can be
reached.
4.3 Strip survey
The detail with which the strip tracker has been surveyed varies greatly between subdetectors. The TIB and TID
have been surveyed completely. For the TOB, only global mounting precision of rods in the TOB wheel is available,
missing values for each individual rod. Module fixation inserts on rods and the TOB wheel position in the tracker
have been surveyed completely. For the TEC, information about the mounting precision of modules on petals and
petals on disks is available, missing values for each individual module and petal. Full measurements are available
for disk positions in the TEC and for the TEC in the tracker. The mounting precision of strip tracker elements is
given in Table 1 [8]. Where survey data are available, they will be used to update initial module position. This is
expected to be especially useful in the case of TIB and TID, where a full survey is available.
4.4 Usage of survey measurements in alignment
At first order, survey can be used to define the initial position of modules for startup reconstruction. However, track
based alignment can place modules far from their true position as long as the χ2 is being minimized. In general,
the covariance matrix of the alignment parameters contains small eigenvalues that correspond to only weakly
measured correlated module movements. Using survey measurements in the track based alignment procedure can








is introduced, where ǫ is the survey residual (difference between surveyed and fitted position) and Vi the corre-
sponding covariance matrix. The sum extends over all hierarchies i as described in section 4.1. In the case of
vanishing correlations between survey measurements the χ2 contribution of each measurement can be written in



















Here ri,j is the aligned position, Ri,j the surveyed position with its standard error σRi,j . Accordingly ωi,j is the
fitted rotation, and Ωi,j the surveyed position with its associated standard error σΩi,j .
Figure 4: Sketch of active Laser Alignment System components.
5 The Laser Alignment System
The Laser Alignment System (cf. Figure 4) operates at a wavelength of λ = 1075 nm and is designed to provide
relative TEC disk position and relative TIB vs. TOB vs. TEC position with a precision of better than 100µm and
100µrad and monitoring at the 10µm level. Additionally it provides a link between the tracker and the muon
system with less than 150µm and less than < 60µrad resolution. In the TECs, eight beams are distributed equally
in φ at radii 564mm and 840mm. The incoming laser beams are divided in two beams of opposite direction with
the help of beam splitters (BS) in disk 6. The beams penetrate from layer to layer through the silicon detectors in a
laser-light semi-transparent opening of approximately 1 cm radius in the backside metallization, inducing a signal
in the silicon modules. A special anti-reflective coating reduces reflection to be ≤ 6% and increases transmission
to 13 − 20%. In the barrel eight beams are unequally distributed in φ between TIB and TOB. They pass through
five layers in each TEC. They run in alignment tubes (AT) between TIB and TOB and are partially deflected by
semi-permeable mirrors into six modules in the innermost layer of TOB and six modules in the outermost layer of
TIB, allowing relative sub-detector position measurements. Several measurements are taken for each beam. The
intensity of the laser beams is subsequently adjusted to reach an optimal signal to noise ratio in each module.
During the integration of one TEC in Aachen [11], the performance of the Laser Alignment System has been
evaluated by comparing to survey and alignment with tracks from cosmic muons [12]. Measurements for the disk
positions in x and y as well as the rotation angle γ around the disk axis are shown in Figure 5. An overall agreement
of better than 50µm in x, y and 40µrad in the rotation angle γ is obtained from the data.
6 Track based alignment
6.1 Alignment data flow
Figure 6 shows the alignment data flow. Part of the data recorded by CMS and selected by the High Level Trigger
(HLT) are used for alignment purposes. This includes data from special calibration and alignment runs as it is
the case for the Laser Alignment System, and collision events that are of interest both for alignment and physics
analysis. These events are reconstructed with low latency at the CMS Tier-0 [13], called “prompt reconstruction”.
A special reduced event format is written to the CMS Analysis Facility (CAF). All physics events are being stored
in a large buffer for 24 hours. At the CAF, the reduced event data are input to the alignment procedure (LAS and
track based alignment). Alignment parameters are determined, validated and saved to a database. The alignment
procedure needs to be ready before 24 hours have passed, in order to be used for the reconstruction and production
of AOD of all physics events.
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Figure 5: Comparison between alignment with tracks from cosmic muons, the Laser Alignment System, and
survey. Coordinates of the aligned disk x- and y- positions are givenas well as the rotation angle γ around the disk































Figure 6: Alignment data flow.
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6.2 Alignment algorithms
CMS has developed three complementary alignment algorithms for track based alignment. The main objective is
to solve quickly and reliably the system of linear equations of orderO(100 000). The first algorithm is an extension
to the well-known global Millepede algorithm [14] that takes all correlations into account and has been shown to
successfully align the most sensitive 50 000 parameters [15]. The second is a novel approach using a Kalman
Filter [16], which bridges the gap between global and local algorithms by taking into account only the most
important correlations. In addition the HIP [17] algorithm, which takes into account only parameter correlations
within a module, has been developed in parallel. In this algorithm, correlations between modules are dealt with
implicitly by iterating the alignment many times. All three methods are expected to be able to provide alignment
constants for the full silicon pixel and strip tracker.
6.2.1 HIP
In a Monte Carlo study [18], the HIP algorithm has been used to align 504 from 750 pixel barrel modules, where
the reduced number comes from the requirement that tracks need to have hits in each pixel layer. Tracks from
500 000 Z → µ+µ− events have been used, and a precision of 25µm has been reached. The left part of Figure 7
shows the differences ∆x, ∆y and ∆z between the true and calculated positions as a function of the iteration, and
their distribution before alignment and after 1, 10 and 19 iterations, respectively. Improved results can be obtained
by using longer tracks in a full tracker alignment approach.
Figure 7: Left and middle plot show results from alignment of 504 pixel barrel modules with the HIP algorithm and
tracks from Z → µ+µ−. Left: Deviation of module position as a function of HIP iteration. Middle: Histogram of
module position at HIP iterations 0,1,10 and 19. The right plot shows results from alignment of 44 TIB modules
with single muon tracks and the Kalman Filter algorithm.
6.2.2 Kalman Filter
The Kalman Filter alignment algorithm has been used to align 44 TIB modules with 100 000 single muon tracks
with a p⊥ > 100GeV [19] in a Monte-Carlo study. The pixel detector has been fixed and used to determine the
coordinate system. The evolution of the alignment parameters as a function of the processed track number can
be seen in the right part of Figure 7. TIB modules were misaligned initially with an RMS in the most sensitive
coordinate x across the strips of 120 µm, and the achieved precision after alignment is 2 µm.
6.2.3 Millepede
A full detector alignment with the Millepede alignment algorithm involving 44432 parameters has been performed
with simulated data [20], assuming data available corresponding to 500pb−1: 500 000 events from Z → µ+µ−
with vertex and mass constraint, 3 million single muon tracks from W → µν and 25 000 tracks from cosmic
muons. The results are shown in Figure 8 and compared to the initial misalignment (short term) and to a predicted
long term misalignment. A precision of about 10µm, better than predicted, can be reached for barrel modules,
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whereas the performance in the endcap modules is with 23µm close to the predicted value. In the pixel detector,
a precision of 1.2µm can be reached for most sensitive coordinate rφ in the barrel, compared to 2.5µm in the
endcaps.
Figure 8: Full tracker alignment with the Millepede algorithm. The overall precision of the most sensitive coordi-
nate rφ is shown a) for barrel modules and b) for endcap modules, respectively.
7 Conclusions
The CMS tracker alignment strategy uses survey, laser alignment and track information to achieve highest possible
precision at any time. A successful full tracker alignment has been performed with the Millepede algorithm. The
strategy foresees feedback within less than 24 hours during data taking in order to be able to reconstruct data with
fresh alignment constants. CMS will thus be well prepared for exciting physics discoveries as soon as collision
data arrive.
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